A serine proteinase cascade in insect hemolymph mediates prophenoloxidase activation, a defense mechanism against pathogen or parasite infection. Little is known about its initiating proteinase or how this enzyme is activated in response to invading microorganisms. We have isolated from the tobacco hornworm, Manduca sexta, a cDNA encoding a modular protein designated hemolymph proteinase 14 (HP14). It contains five low-density lipoprotein receptor class A repeats, a Sushi domain, a unique Cys-rich region, and a proteinase catalytic domain.
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confirmed to encode unknown serine proteinases, the cDNA fragments were recovered and used as probes for isolating corresponding full-length clones from the cDNA libraries. Complete nucleotide sequences of the HP14 cDNA inserts were determined using BigDye Terminator Cycle Sequencing Ready Reaction Kit (PE Applied Biosystems) and oligonucleotide primers designed from known sequences. Sequence assembly and database searching were performed using MacVector 6.5 (Genetics Computer Group, 1998). Domain organization and comparison were carried out using Reverse Position Specific (RPS)-BLAST and Conserved Domain Architecture Retrieval Tool (CDART) at http://www.ncbi.nlm.nih.gov (20) .
Antiserum preparation and immunoblotting -The cDNA fragment encoding the mature proHP14 was amplified by PCR using the longest cDNA clone as a template. Primer j494 (5'-CCC CCA TGG CAG TGT TGA AAG-3') corresponds to nucleotides 169-190 of the cDNA, and primer j480 (5'-CGT CCA TTT TCG AGC TAG-3') is the reverse complement of nucleotides 2531-2548 in the 3' noncoding region. The PCR product was digested with NcoI and nondirectionally cloned into the same site in H6pQE60 (21) . After orientation and sequence of the inserted cDNA were verified, the resulting plasmid was used for producing recombinant proHP14 in E. coli. A rabbit polyclonal antiserum was prepared against the protein purified by Ni 2+ affinity chromatography and preparative SDS-PAGE (22) . Immunoblot analysis was carried out using HP14 antiserum (1:1000 diluted in Tris-buffered saline containing 1% nonfat dry milk, 0.1% Spodoptera frugiperda Sf21 cell lysate, and 0.1% E. coli lysate) as the first antibody.
Expression analysis by RT-PCR -Fat body and hemocyte total RNA samples of both naive and bacteria-induced M. sexta larvae were prepared (23) . First-strand cDNA synthesis was performed using 2-4 :g total RNA, 10 pmol oligo(dT) 17 , and 200 U MMLV reverse transcriptase (Invitrogen Life Technologies) at 37EC for 1 h. The M. sexta ribosomal protein S3 (rpS3) cDNA 6 was used as an internal standard to adjust the template amounts in a preliminary PCR experiment. Relative levels of HP14 cDNA in the normalized DNA pools were determined in a duplex PCR using j481 (5'-TCC GGC CAG TAT GTT TG-3') and j480 (5'-CGT CCA TTT TCG AGC TAG-3') for HP14 and 504 (5' CGC GAG TTG ACT TCG GT 3') and 501 (5' GCC GTT CTT GCC CTG TT 3') for rpS3. The thermal cycling conditions were 94EC, 30 s; 50EC, 30 s; 72EC, 45 s. The PCR products were subjected to electrophoretic analysis on a 1.5%
agarose gel.
Production of proHP14 in a baculovirus system -For the expression of HP14 zymogen, a recombinant baculovirus was constructed using the Bac-to-Bac system (Invitrogen Life Technologies). The HP14 cDNA was first amplified by PCR using Advantage cDNA polymerase mix (BD Biosciences) and the following primer pair: j517 (5'-ATT GAA TTC CAA TGT GTA CGG A-3') and j503 (5'-ACT CTC GAG ATA CTC GTC GGT CCA-3') correspond to nucleotides 116-137 and 2110-2133 (reverse complement), respectively. The PCR product was digested with EcoRI and XhoI, separated by agarose gel electrophoresis, and inserted to the same sites in the vector pFH 6 (22) to generate proHP14/pFH 6 . The resulting plasmid was examined by sequence analysis to confirm the correct junctions. Generation of the recombinant virus and optimization of expression conditions were performed as described previously (22) .
Sf21 cells (2x10 6 cells/ml) in 1000 ml Sf900-II serum-free medium were infected with the recombinant baculovirus stock at a multiplicity of infection of 5-10 and grown at 27EC for 96 h with gentle agitation. The recombinant proHP14 in the conditioned medium was enriched by ammonium sulfate precipitation at 50% saturation and then purified by nickel affinity chromatography. The protein precipitate collected by centrifugation was dissolved in 100 ml sterilized, endotoxin-free buffer A (pH 7.8, 50 mM sodium phosphate, 0.3 M NaCl, and 1 mM benzamidine) and incubated with 5.0 ml Ni-NTA agarose (Qiagen) for 30 min on ice with gentle 7 agitation. The suspension was packed into a column, and the resin was then washed with buffer A containing 20 mM imidazole. The bound proHP14 was eluted with 200 mM immidazole in the same buffer. Prior to functional analysis experiments, the purified protein was passed through a Sephadex G25 gel filtration column equilibrated with pH 7.5, 20 mM Tris-HCl, 20
mM NaCl, 2 mM CaCl 2 , 2 mM MgCl 2 to remove benzamidine.
Peptide mass fingerprint analysis -The purified recombinant proHP14 (0.5 µg) was separated by SDS-PAGE under the reducing condition. After Coomassie blue staining, the bands of interest were excised from the gel and washed with 50% AcCN, 25 mM ammonium bicarbonate, pH 8.0 to remove the stain. The gel slices were dehydrated in 100% AcCN, dried in a SpeedVac, and incubated with sequencing-grade trypsin (20 µl, 10 ng/µl) at 37EC for 20 h. Peptides, extracted from the gel twice with 30 µl 50% AcCN, 5% TFA, were dried to near-completion. min. Then an aliquot of the reaction mixture (10 :l) was incubated with purified proPO (10 :g/ml, 10 :l) in a microplate well at room temperature for 1 h. As negative controls, one or two of the reaction components -M. luteus, proHP14, and induced hemolymph were treated similarly. After the activation reactions, PO activity was assayed using dopamine as a substrate (8) .
Results
To explore a putative immune signaling system in M. sexta hemolymph, we have isolated serine proteinase cDNA clones from fat body and hemocytes. The longest one encompasses a 4989-nucleotide cDNA with a complete ORF spanning nucleotides 127-2124 ( (Fig. 2) . Using RPS-BLAST and CDART, we identified all the Sushi-domain serine proteinases in GenBank, most of which are initiating enzymes of their corresponding proteinase cascades. These include complements C1r and C1s, MASP-1, MASP-2, and horseshoe crab clotting factor C (17, 18).
We examined the transcriptional regulation of proHP14 in response to a bacterial challenge (Fig. 3 ). An expected 0.85 kb RT-PCR fragment was amplified from fat body and hemocytes of the naive larvae. The HP14 mRNA level became more abundant in fat body at 24 h after bacterial injection. A marked induction was also observed in the hemocytes, although the transcript level was still much lower than that in induced fat body. Based on relative band intensity, the PCR product from induced hemocytes after 25 cycles was approximately 20% of that from induced fat body after 20 cycles of amplification. This indicates that proHP14 is an immune-responsive protein mainly synthesized in fat body. Immunoblot analysis using HP14-specific antibodies revealed a protein doublet in the hemolymph, whose level also increased significantly after a bacterial injection.
In order to elucidate the function of HP14 during immune responses, we expressed the protein in its precursor form in a baculovirus/insect cell system. Two forms of recombinant proHP14 were present in the conditioned media -the predominant one has an apparent M r of 75 kDa (Fig. 4) . The other form is nearly identical in electrophoretic mobility to the intracellular proHP14 (87 kDa). Nickel-affinity chromatography removed the other proteins in the media, but we have not yet been able to further separate the two forms of proHP14 by other methods without loss of its biological activity. To characterize them, corresponding protein bands were excised from an SDS-PAGE gel, digested with trypsin, and their peptide mass fingerprints compared by MALDI-TOF mass spectrometry. Twenty-four of the 46 predicted trypsinolytic fragments from the mature protein were apparent on the mass spectra. The recombinant proenzymes contained the hexahistidine tag at the carboxyl terminus. The trypsinolytic fragment closest to the amino terminus corresponds to residues 34-58 in the 87 kDa proHP14 (Fig. 1) .
The 75 kDa proHP14 was truncated at the amino terminus, and it started before or at residue 68.
We failed to get M r 's from the purified protein sample by MALDI mass spectrometry. Neither did the Edman degradation yield any amino-terminal sequence from the 87 kDa or 75 kDa bands.
To investigate whether a pathogen-associated molecular pattern (PAMP) could trigger the auto-processing of proHP14, we incubated the purified protein with peptidoglycan and examined the reaction mixtures by immunoblot analysis. Several new bands with lower M r 's appeared in a time-dependent manner (Fig. 5) . We also detected the appearance of an amidase activity using a We examined a possible role of HP14 during proPO activation in the induced hemolymph (Fig. 6 ). In the presence of M. luteus, PO activity in the hemolymph was detected at a level higher than the control of hemolymph or elicitor only, indicating that the proPO activation system was functional in the hemolymph (columns 1, 3, 6) . No PO activity was detected in the absence of added hemolymph, indicating that HP14 itself lacks PO activity and 
Discussion
Manduca sexta HP14 is a novel hemolymph proteinase which is activated upon binding to peptidoglycan. It has a complex domain structure, making it an attractive candidate for being the first enzyme in a defensive proteolytic cascade. Peptidoglycan-mediated autoactivation, induced synthesis upon bacterial challenge, and significant enhancement of proPO activation lead us to suggest that this molecule serves as a biosensor in the hemolymph to detect invading bacteria and then triggers the proPO activation cascade. To the best of our knowledge, this is the first report of any insect proteinase which links pattern-recognition to an immune pathway.
Although not fully proven yet, this mode of starting a cascade differs from the current model for proPO activation (4, 5, 15) , in which binding of PRPs to a microbial surface causes a conformational change required for interacting with the first proteinase zymogen and such specific protein-protein interactions lead to its autoactivation and cascade initiation. Our results indicate that the initiation of proPO activation could be directly mediated by a HP14. While this way of starting a proteinase cascade does not exclude the existing model, there are other ways for classical PRPs to stimulate such a process. For instance, M. sexta immulectin-2, a lipopolysaccharide-specific C-type lectin, associates with the cofactor of proPO-activating proteinase to enhance proPO activation at the end of the pathway (10).
Sushi domains, also known as complement control protein modules or short consensus 13 repeats, exist in a wide variety of complement factors and adhesion proteins involved in mammalian immune responses (25) . Some of them may associate with or kill bacteria (26) .
Among the Sushi-domain serine proteinases, complement C1r/s, MASPs, and horseshoe crab Factor C are known to be initiators of their respective proteinase cascades (17, 18) . HP14 may play the same role in the proPO activation system. Although complement factors B and C2 are not the first component in their corresponding pathways, it is worth exploring whether or not their Sushi domains bind to bacteria and, if confirmed, the role of such binding in enhancing the complement activation.
In Drosophila adults, the proteolytic cleavage of proPO and spätzle involves a regulated serine proteinase system in the hemolymph (3). A loss-of-function mutation in a Drosophila serpin gene, Spn43Ac, results in constitutive activation of the Toll pathway and spontaneous melanization (27) . These effects are suppressed by mutations in a clip-domain serine proteinase,
Persephone (28) . Deficiency of Spn27A also leads to spontaneous melanization and constitutive synthesis of drosomycin in Drosophila larvae and adults (29, 30) . So far, little is known about the initiation and coordination of the two proteinase-mediated processes. It would be interesting to test if proPO activation or drosomycin production is affected by mutations in Drosophila AY118964.
The existence of a HP14 ortholog in the malaria vector A. gambiae is also significant, because melanotic encapsulation is a resistance mechanism against Plasmodium infection in the mosquito (31) . So far, rather little is understood about parasite recognition or initiation of proPO activation in mosquitoes. Sp22D, a modular serine proteinase in A. gambiae, contains two chitin-binding domains, a mucin-like region, two LDLr class A repeats, and two scavenger receptor cysteine-rich domains (32, 33) . While some of these domains are thought to be important for pathogen recognition, Sp22D does not bind to bacteria. Neither was proteolytic 14 processing detected upon chitin binding. AgCP12488, the HP14 ortholog in A. gambiae, shares some sequence similarity with Sp22D, but its domain structure is quite different. Knocking-out agCP12488 expression may allow a direct comparison with the wild-type mosquito in respect to susceptibility to pathogen or parasite infection.
It is a common evolutionary strategy that serine proteinase cascades mediate rapid, local reactions to physiological and pathological stimuli in vertebrates and invertebrates. The
Drosophila and Anopheles genome analyses strongly suggested the existence of such enzyme systems (35, 36) . Since the Manduca genome sequence will not be available in the near future, we isolated eighteen new serine proteinase cDNAs from M. sexta fat body and hemocytes (Jiang et al., unpublished data). Fifteen of these proteinases have a pro-region longer than 90 residues, and nine of those contain 1 or 2 regulatory clip domains. HP14 is the only one with so many modular structures -the reason it was chosen for biochemical analysis. We presented evidence in this paper supporting HP14 as an initiator of the proPO activation pathway in M. sexta. As the next step toward elucidating the whole pathway, we plan to test if any of the cloned proteinases is the substrate of HP14. The acquired knowledge will be useful for understanding a similar enzyme system in vector species or genetic model insects. 
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Footnotes
This work was supported by the National Institutes of Health Grant GM58634 to H.J. The 7C region probably forms a separate domain stabilized by three disulfide bonds and the remaining cysteine residue may be tethered to Cys 510 in the catalytic domain. The putative proteolytic activation site is indicated with "5". The underlined nucleotide sequence represents the cDNA fragment used as a probe to isolate the full-length clone for HP14. Putative N-linked glycosylation sites are marked with "-". The catalytic residues at the active site are indicated with "•" whereas residues determining the primary specificity of HP14 are labeled with "".
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